Objective: To assess the association of mode of conception and sex concordance with neonatal outcomes in very preterm twins. Study design: Twin pairs born at gestational age ࣘ32 weeks and admitted to a Level 3 neonatal intensive care unit (NICU) in 2010-2011 were retrospectively identified from the Canadian Neonatal Network TM database. A composite outcome representing neonatal mortality or any severe morbidity (intraventricular hemorrhage grades ࣙ3 or periventricular leukomalacia, retinopathy of prematurity stages ࣙ3, bronchopulmonary dysplasia, or necrotizing enterocolitis stages ࣙ2) was compared between twins conceived using assisted reproduction technologies (ARTs) or spontaneously (SP), and tested for association with sex concordance in individual-level and pair-wise multivariable logistic regression analyses. female-female) pairs. No statistically significant association was detected between mode of conception and the composite outcome of mortality/morbidities. The composite outcome was significantly higher in same-sex than in opposite-sex twins (OR = 1.68; 95% CI = [1.09, 2.59]). This relationship was most pronounced in ART pairs (OR = 2.25; 95% CI = [1.02, 4.98]), with increased rates in one or both twins from male-male versus opposite-sex ART pairs (OR = 3.0; 95% CI = [1. 07, 8.36]). Conclusion: Same-sex pairing was associated with higher mortality/morbidities in very preterm twins admitted to the NICU, and can be used in clinical practice to identify twins at higher risk of adverse neonatal outcomes.
Assisted reproductive technologies (ARTs) have become widely accepted therapies for certain types of infertility and account for a large proportion (18%) of multiple births in Canada and the United States (Cook et al., 2011; Sunderam et al., 2009) . Increased rates of twin and higher order multiple pregnancies following ART are a serious public health concern due to higher perinatal mortality and morbidities in multiple compared with singleton pregnancies (Bissonnette et al., 2007; Braude, 2006; Rydhstroem & Heraib, 2001; Wimalasundera et al., 2003) . Studies examining the association between mode of conception and neonatal mortality/morbidities among twins have produced conflicting results (Boulet et al., 2008; Hansen et al., 2009; Helmerhorst et al., 2004; Joy et al., 2008; McDonald et al., 2005; Rossi & D'Addario, 2011) . These contradictory findings may be due to inadequate control of effect modification, confounding factors, and/or low statistical power.
Male sex is an established risk factor for preterm birth and subsequent adverse neonatal outcomes (Cooperstock et al., 1998; Mulla et al., 2013; Peacock et al., 2012) , and in twins, sex concordance has been associated with prematurity (Dailey et al., 2009; Rydhstroem & Heraib, 2001; Tan et al., 2004; Weghofer et al., 2010) and neonatal mortality/morbidities (Melamed et al., 2009; Mulla et al., 2013) . Due to its correlation with zygosity (shared genetic material) and chorionicity (shared in utero environment), the mode of conception may confound or modify the effect of sex concordance on neonatal mortality/morbidities; however, the association of sex concordance and neonatal outcomes accounting for mode of conception has not been studied.
The objective of this study was to examine the association of mode of conception and sex concordance with neonatal mortality and severe morbidities in very preterm (ࣘ32 weeks gestation) twins admitted to a network of neonatal intensive care units (NICUs). We hypothesized that higher mortality/morbidities would be present in (1) opposite-sex infants conceived using ART versus spontaneously (SP); (2) infants conceived spontaneously from same-sex versus opposite-sex pairs; and (3) infants from male-male versus opposite-sex or female-female pairs following either ART or SP conception.
Subjects and Methods
Twin pairs born at ࣘ32 weeks gestation with both co-twins admitted to a Level 3 NICU between January 1, 2010, and December 31, 2011, were retrospectively identified from the Canadian Neonatal Network (CNN) database, which captures >95% of admissions to Level 3 NICUs in Canada (Canadian Neonatal Network, 2012) . All CNN NICUs are tertiary-level referral centers, ranging in size from 12 to 73 beds, with 103-1,576 admissions annually during 2010-2011. At each site, trained abstractors collected data for each infant from admission until discharge from the NICU according to a standard manual of protocols and definitions (Canadian Neonatal Network, 2012) . Data were entered electronically from patient charts using a customized dataentry program with built-in error checking algorithms. Institutional approval for each site was provided either by a local research ethics board or through an institutional quality improvement process. Informed consent from individual patients was not required as the study included only collection of de-identified data from patient records.
Infants from twin births admitted to the same NICU were identified as a pair. Twin pairs were excluded if the mode of conception was unavailable, or if either twin was declared moribund at admission, had major congenital anomalies, information on sex was missing, or sex was recorded as ambiguous. For each co-twin, a binary composite outcome was derived indicating mortality (all causes during NICU hospitalization) or any of the following severe neonatal morbidities: intraventricular hemorrhage (IVH) grades ࣙ3 or periventricular leukomalacia (Papile et al., 1978; Synnes et al., 2001) , retinopathy of prematurity (ROP) stages ࣙ3 (International Committee for the Classification of Retinopathy of Prematurity, 2005), bronchopulmonary dysplasia (BPD; operationally defined as need for oxygen at 36 weeks post-menstrual age, or at the time of discharge or transfer to a Level 2 NICU; Shennan et al., 1988) , or necrotizing enterocolitis (NEC) stages ࣙ2 (Bell et al., 1978; Walsh & Kliegman, 1986) . Subsequently, the presence of the composite outcome in both, only one, or neither co-twin was defined at the pair level; however, due to low counts, multivariable analyses were performed by combining pairs with the composite outcome present in one and both co-twins.
Conception using ART included in vitro fertilization (IVF), intracytoplasmic sperm injection, embryo transfer, intrauterine insemination, and any other mechanical method in which both the oocytes and sperm are manipulated to facilitate pregnancy and implantation, as defined in the CNN database (Canadian Neonatal Network, 2012) . Data on the use of ovulation-inducing agents were not available. Infants were classified according to conception mode (ART or SP) and sex concordance (male-male [MM], opposite-sex [MF] , and female-female [FF]), generating a six-category conception-sex predictor variable (ART-MM, ART-MF, ART-FF, SP-MM, SP-MF, and SP-FF). Additional risk factors and potential confounding variables included gestational age (GA), small for gestational age (SGA) defined as birth weight below the 10th percentile for GA, inborn/outborn status (born in hospital with a Level 3 NICU/transferred after birth to a Level 3 NICU), severity of illness at admission to NICU quantified by the score for neonatal acute physiology version II (SNAPII) >20 (Richardson et al., 2001) , Apgar score at 5 minutes <5, maternal age, nulliparity, gestational diabetes, hypertensive disorder of pregnancy, receipt of antenatal corticosteroids, presence/absence of chorioamnionitis and smoking during pregnancy. Analogous pair-wise covariates were derived as the difference in birth weight and the number of cotwins (zero, one, or both) with SGA, SNAPII score >20 and 5-minute Apgar score <5.
Statistical Analyses
Preliminary individual-level and pair-wise analyses applied 2 tests to examine differences in the distribution of sex (male, female) and sex concordance (MM, MF, FF) among the ART and SP conception groups. Within each ART and SP group, independent male/female pairing was assessed using a 2 test. To identify potential confounders, the distribution of each covariate was examined between ART and SP twins, and among sex-concordance groups according to mode of conception, using 2 or Fisher exact tests for categorical variables, and one-way ANOVA F tests for continuous measures. Similar univariate analyses examined the association of mode of conception and sex concordance with the composite outcome and each of its mortality/morbidity components.
Effects of conception mode and sex concordance were assessed using multivariable logistic regression models adjusted for potential confounders and important risk factors (1) at the individual level (examining the composite outcome of each twin infant) and (2) pair wise (comparing pairs with the composite outcome present in one or both twins vs. pairs with neither twin affected). Individual-level analyses were adjusted for individual sex (male or female) and employed generalized estimating equations (unstructured correlation) to adjust for residual familial correlation between co-twins. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated from both individual-level and pair-wise analyses. Comparisons of ART versus SP were performed using all twin pairs, but these analyses are subject to confounding by zygosity/chorionicity. To eliminate possible confounding, additional analyses were restricted to opposite-sex pairs, who are all dizygotic/dichorionic. Furthermore, comparisons of same-sex (MM and FF combined and separately) versus opposite-sex (MF) were performed using all twin pairs, and then stratified by mode of conception to account for differences in the distribution of sex concordance due to zygosity/chorionicity, which are expected between ART and SP twin pairs. All statistical analyses were conducted using SAS version 9.2 (SAS Institute Inc., 2008), and significance was evaluated using two-sided p values at the 5% testing level.
Results
Of the 2,034 twins born at ࣘ32 weeks gestation and admitted to CNN NICUs during 2010-2011, 1,508 (74%) infants from 754 complete pairs were included in this study. We excluded 10 infants with missing/ambiguous sex, 81 with missing mode of conception, 3 who were moribund, 47 with major congenital anomalies, and 385 single co-twins. The final sample size comprised of 432 (29%) ART and 1,076 (71%) SP twins from 754 complete pairs. Individual sex (male and female) was not associated with mode of conception (Table 1) . However, the distribution of sex pairing was significantly different (p value < .01) between ART and SP twins, with a larger proportion of opposite-sex pairs among ART (48%) than SP (23%) twins (Table 1 ).
Significant differences were detected in mean birth weight, both individual-level and pair-wise SGA, inborn/outborn status, maternal age, nulliparity, hypertension, diabetes, and smoking during pregnancy between ART and SP twins (Table 2) . Among ART twins, no association was detected between sex concordance and the infant and maternal characteristics examined. However, among SP twins, mean birth weight, individual-level and pair-wise SGA, and cesarean delivery varied according to sex concordance ( Table 2 ). The composite mortality/morbidities outcome was significantly lower for ART than for SP twins in individual-level unadjusted analyses (23% vs. 29%). Pair-wise analyses confirmed differences in the distribution of the composite mortality/morbidities outcome between ART and SP twins (Table 3) . IVH (6% vs. 11%) and mortality (3% vs. 6%) were lower in ART versus SP twins, although the latter was at borderline of statistical significance (Table 3) . Notably, twins from opposite-sex pairs, after either ART or SP conception, had the lowest rates of the composite outcome (Table 3) . No significant differences in the composite outcome or its components were detected among sex-concordance groups of ART twins. For SP twins, BPD, NEC, and the composite outcome varied significantly among sex-concordance groups, with highest rates in MM, intermediate rates in FF, and lowest rates in MF pairs (Table 3) .
Comparing ART Versus SP in All Twins and OppositeSex Pairs
After adjustments, no significant association between mode of conception and the composite outcome was detected in any multivariable analyses using all twins or when restricted to opposite-sex pairs (Table 4) .
Comparing Same-Sex Versus Opposite-Sex in All, ART, and SP Twins Significantly higher odds of mortality/morbidities were detected by individual-level multivariable analyses comparing twins from same-sex versus opposite-sex pairs, while pairwise multivariable analyses yielded a similar odds ratio estimate with borderline statistical significance (Table 4) . Among ART twins, higher odds of the composite outcome were estimated in same-sex compared than in opposite-sex twin pairs by both individual-level and pair-wise multivariable analyses. Despite elevated odds ratio estimates, no significant association between sex concordance and the composite outcome was detected in SP twin pairs (Table 4) .
Comparing Male-Male Versus Opposite-Sex in All, ART, and SP Twins
More specific comparisons of male-male versus oppositesex pairs detected significantly higher mortality/morbidities in pair-wise multivariable analyses using all twin pairs and among ART pairs. No significant association with the composite outcome was detected between male-male versus opposite-sex twin pairs from SP conception (Table 4) . (24) 13 (12) 41 (21) 42 (19) 18 (15) Note: ART = assisted reproductive technology; SP = spontaneous conception; MM = male-male; FF = female-female; MF = male-female. Numbers may not add up to the column total due to missing values or lack of assessment. a Comparisons of MM, FF, and MF groups within ART and SP twins; b comparisons of ART versus SP twins; c significance was assessed using the Fisher exact test; otherwise, significance was assessed using the Pearson 2 test for categorical variables and the ANOVA F test for continuous measures. Note: ART = assisted reproductive technology; SP = spontaneous conception; MM = male-male; MF = male-female; FF = female-female; CI = confidence interval. a Individual-level multivariable model included mode of conception and sex concordance as risk factors, and was adjusted for individual-level sex (M, F), GA, SGA, SNAPII score >20, and maternal age. b Pair-wise multivariable model included mode of conception and sex concordance as risk factors, and was adjusted for GA, SGA concordance, SNAPII score >20 concordance, and maternal age. c Individual-level multivariable model was adjusted for GA, SGA, SNAPII score >20, and maternal age. d Pair-wise multivariable model was adjusted for GA, SGA concordance, SNAP-II score >20 concordance, and maternal age.
Comparing Male-Male Versus Female-Female in All, ART, and SP Twins No significant associations were detected between malemale versus female-female twin pairs with the composite outcome after adjustment (Table 4) .
Comparing Female-Female Versus Opposite-Sex in All, ART, and SP Twins Odds ratio estimates were elevated, but statistical significance was not reached in any multivariable analyses comparing the composite outcome between female-female versus opposite-sex twin pairs (Table 4) .
Discussion
In our national, multicenter cohort of very preterm twins, the mode of conception was not associated with the composite outcome of mortality/morbidities. Sex concordance and the composite outcome were associated, with higher odds of the composite outcome in same-sex versus opposite-sex pairs and in one or both co-twins from male-male versus opposite-sex pairs. The effect of sex concordance on the composite outcome was more pronounced in ART than SP twins, but the difference between odds ratio estimates was not statistically significant, and mode of conception could not be established as an effect modifier.
The study is unique in that it examines the impact of sex concordance on a composite outcome of mortality/morbidities in a cohort representing the population of very preterm twins with highest risk for mortality/morbidities who receive treatment in a Level 3 NICU. Previously, sex concordance has been linked to preterm birth by several studies showing higher risk of preterm birth in twins from same-sex versus opposite-sex pairs (Melamed et al., 2009; Rydhstroem & Heraib, 2001; Tan et al., 2004) . In contrast, a study of dichorionic twin pairs conceived after IVF showed shorter gestational age for twins from opposite-sex versus same-sex pairs (Weghofer et al., 2010) , while another earlier study demonstrated a linear relationship between the number of male fetuses and the likelihood of preterm birth <35 weeks gestation (Cooperstock et al., 1998) . Results from our analyses using all twins indicate an impact of sex concordance beyond preterm birth, with the composite mortality/morbidities outcome significantly increased in twins from same-sex versus opposite-sex pairs. Similar lines of evidence from previous twin studies examining sex concordance showed an increased likelihood of mechanical ventilation and respiratory distress syndrome in male-male twins compared with females from opposite-sex pairs (Mulla et al., 2013) , and higher IVH in female-female twins than in females from opposite-sex pairs (Melamed et al., 2009) . Notably, our estimated odds ratio comparing the composite mortality/morbidities outcome between same-sex versus opposite-sex twins born very preterm is the exact reciprocal to the relative risk comparing hospital mortality between opposite-sex versus same-sex twin pairs estimated by Mulla et al. (2013) in a population study.
Possible biological mechanisms underlying higher risk of adverse outcomes in same-sex versus opposite-sex twins may relate to complications arising in monochorionic and/or monoamnionic twins (same-sex obligatory), including twin-twin transfusion, cord entanglement, and possible early induced delivery. It is also possible that the rate of gestational growth of the male and female twin in opposite-sex pairs may vary, yielding reduced competition for nutrients in utero (James, 2002; Melamed et al., 2009) .
The majority (>95%) of ART twins result from the implantation of multiple embryos and are dizygotic/dichorionic irrespective of sex similarity. Accordingly, the distribution of sex concordance among ART twins in our study was consistent with random male/female pairing. By contrast, in SP twins there were significantly more same-sex (both male-male and female-female) pairs than expected under random pairing, likely due to monozygosity. To account for differences in the distribution of sex pairing, the association between sex concordance and the composite outcome was assessed separately in ART and SP twin pairs. Although odds ratio estimates comparing the composite outcome between same-sex (male-male and/or female-female) and opposite-sex pairs were notably higher in ART than SP twin pairs, the interaction between sex concordance and mode of conception was not statistically significant in our data (results not shown). Higher composite outcome in same-sex versus opposite-sex pairs conceived using ART suggests a mechanism independent of zygosity/chorionicity. Further study is warranted to tease out the relative effects of sex concordance, zygosity, and chorionicity on neonatal outcomes in ART twins.
Findings from our analyses are consistent with previous studies reporting no overall difference between ART or SP conception on outcomes in preterm or low-birth-weight twins (Messerschmidt et al., 2010; Schimmel et al., 2006; Shah et al., 2011) . We recognize that an increased risk of very preterm birth (ࣘ32 weeks GA) of twins after ART conception has been demonstrated by several investigators (Hansen et al., 2009; Kallen et al., 2010) , including a recent meta-analysis (McDonald et al., 2010) . Furthermore, we note that the risk of preterm birth and subsequent mortality/morbidities after ART can be reduced through the practice of single embryo transfer. However, as ART twin pregnancies and preterm birth remain prevalent, our study was intended to assess the impact of the mode of conception on outcomes within the population of high-risk twins who are born very preterm and require acute care in a Level 3 NICU. We examined mode of conception as an independent predictor of the composite outcome with adjustment for potential confounders including sex concordance. As explicit data on zygosity/chorionicity were not available for confounding adjustment, analyses of conception mode and the composite outcome were restricted to opposite-sex pairs ensuring comparisons of ART and SP twins from similar dizygotic/dichorionic pairs.
Strengths of our study include the use of a cohort of twin pairs born very preterm and treated in Canadian Level 3 NICUs that is recent (2010) (2011) and nationally representative (multicenter). Data on mortality and morbidities used to derive the composite outcome, and the covariates used for adjustment, were obtained and processed in a standardized manner that included a number of error-checking algorithms. We did not have explicit data on twin-twin transfusion; however, birth weight difference was examined, and pair-wise analyses were adjusted for pair-level SGA and SNAPII score variables. Because a 'male disadvantage' with respect to adverse neonatal outcomes has been established (Brothwood et al., 1986) , all individual-level analyses were adjusted for sex.
A limitation of our study is that 343 twins were excluded as data for their co-twins were unavailable in the CNN database. However, selection bias is unlikely as no significant differences were detected in the distribution of mode of conception and male/female sex between the 343 single twins who were excluded and the 1,508 twins from complete pairs included in our analyses. Co-twin death in utero is the most likely possibility for only one co-twin being included in our dataset, as the vast majority (>85%) of preterm infants born ࣘ32 weeks gestation are admitted to Level 3 NICUs in Canada. The alternative possibility (for the remaining <15%) is management in a Level 2 NICU, which is common for infants born after 30 weeks gestation who are not seriously ill on admission and do not require respiratory support. Confounding due to unavailable data for zygosity/chorionicity is possible in analyses examining all twin pairs, but not in the subset of opposite-sex pairs. We acknowledge that some misclassification of conception mode is possible as data on history of infertility, indication for ART, and the use of ovulation inducing agents were unavailable. Based on our total study sample, the minimal odds ratio detectable with 80% power was 1.40 (or 0.71) and 1.45 (or 0.69) for association of the composite outcome with mode of conception and sex concordance, respectively. Therefore, non-significant results in subgroup analyses with odds ratio estimates exceeding these values are most likely due to reduced sample size, and associations cannot be excluded.
In conclusion, mode of conception was not associated with a composite outcome of mortality/morbidities in very preterm twins. Sex concordance was a significant predictor of neonatal mortality/morbidities in very preterm twins. Clinical prediction models, used by physicians to identify infants with greatest risk of adverse neonatal outcomes, select treatments, and counsel families, can be developed specifically for twins to include sex concordance, thereby yielding improved prediction ability. It remains important to tease out the underlying effects of genetics including zygosity, sex concordance, and epigenetic mechanisms impacted by ART, from shared maternal in utero factors.
